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Spin and radiation in intense laser fields
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The spin dynamics and its reaction on the particle motion are investigated for free and bound electrons in
intense linearly polarized laser fields. Employing both classical and quantum treatments we analytically evalu-
ate the spin oscillation of free electrons in intense laser fields and indicate the effect of spin-orbit coupling on
the motion of the electron. In Mott scattering an estimation for the spin oscillation is derived. In intense laser
ion dynamics spin signatures are studied in detail with emphasis on high-order harmonic generation in the
tunneling regime. First- and second-order calculations in the ratio of electron velocity and the speed of light
show spin signatures in the radiation spectrum and spin-orbit effects in the electron polarization.
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[. INTRODUCTION lasers fields though excluding the tunneling regime of inter-

est for high-order harmonic generation. A disadvantage of

The spin degree of freedom is always associated with &e full Dirac theory is the lack of the precise isolated role of
free or bound electron but it may not always be necessary tgPin-induced dynamics as compared to all the other relativ-

include it in describing the electron dynamics. In the theo-[?ﬁc intfrlluenqes suc_g asbltheb ma?ts_shi:‘t iitjcerbewegur_lg .
retical description of electrons and atoms the spin does onl us, there 1s considerablé benetit n Studying expansions o

) . : . the Dirac equation in the ratio of electron velocity with re-
play a minor role for the intensity regime up to at about

5 ) . spect to that of light where all relativistic effects may be
10 W/en? for near-optical laser pulsei]. This results  ;gqociated with different terms in the Hamiltonian. Corre-

from the fact that the magnetic-field component of the lasegponding calculations for laser-atom interaction have been
pulse does not induce substantial spin dynamics and spirtarried out to first order via the Pauli equatidi8] and up to
orbit coupling. Thus, the electron motion is altered only asecond order including spin-orbit couplin@9] with clear
little as compared to the dynamics via the acceleration inspin signatures pointed out in the latter case.

duced by the electric-field components of the laser field and In this paper, spin dynamics and spin-induced motions are
the ionic core. In high-order harmonic generation via intensénvestigated in the tunneling regime of weakly relativistic
laser-atom interaction, coherent light has been generated |gSer-ion interaction. Clear spin signatures are both pointed
atoms up into the soft x-ray regim@—4] with modestly out in the high-order harmonic generation spectrum and in

intense laser fields. Involving multiply charged idifs-7] or the polarization of the spin |tseIf_. The same properties are
: ) also evaluated for free electrons in intense laser fields based
free electrons [8-11] in laser field pulses beyond

A . L on classical and quantum mechanical treatments, i.e., includ-
101. wien, there is clear hope for achieving more ener-inq quantitative evaluations of the deviations of the free elec-
getic x rays and with this the need for understanding the rolgrgn dynamics with spin as compared to that without. Finally
of the spin in this regime of relativistic interaction. for completeness we estimate explicitely the spin dynamics
There has been considerable effort for several years ifor Mott scattering showing spin flips for strong electron-ion
understanding the relativistic dynamics of electr8s 1l interaction. Our calculations imply that for optical laser in-
and atomg$12-2( in such intense laser fields that the veloc- tensities above 6 W/cn? spin-induced forces begin not to
ity of the electrons becomes non-negligible compared to thabe insignificant anymore for dynamics and radiation while
of light. The role of the magnetic-field component andthey may become rather large aboveé®1®V/cn?.
higher-order relativistic effects was studied with respect to The paper is organized as follows: In Sec. Il A, the dy-
ionization and stabilizatiofl2] and to harmonic generation namics of the spin degree of freedom is evaluated for free
[13]. Quantum relativistic treatments with spin via the Diracelectrons in an intense laser field, first classically and then
equation were carried out for bound electrbd], scattering  within the conventional quantum description of the spin.
scenariog 15,16, and related situationsl7] in high-power  This is followed by an investigation of spin-induced dynam-
ics of laser-driven electrons in Sec. Il B with the main calcu-
lations relegated to the Appendix. In Sec. Ill, we evaluate the
*Present address: Institut rfPhotonik, Technische Universita evolution of the spin of a laser-driven electron on a hyper-
Wien, Gusshausstrasse 27/387, A-1040 Wien, Austria. bolic trajectory around an ionic core. Finally in the main part
"Electronic address: David.Urbach@gwf.admin.ch in Sec. 1V, the role of the spin for multiply charged single-
*Permanent address: Department of Theoretical Physics, Yerevalectron ions is studied in intense laser fields with emphasis
State University, A. Manoukian Street 1, 375025 Yerevan, Armeniaon the tunneling regime. In Sec. IV A, we employ the Pauli
SPresent address: Department of Physics and Astronomy, Univeequation to investigate the spin dynamics and the spectral
sity of Nebraska—Lincoln, Lincoln, NE 68588-0111. components of the high-order harmonic spectra arising from
IElectronic address: keitel@uni-freiburg.de both spin-up and spin-down components of the wave func-
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tion. In Sec. IV B, second-order relativistic corrections arelf the particle is at rest in the origin at the beginning, the
studied in high-order harmonic generatidiHG) and spin  solution of Eq.(2) reads
dynamics, with emphasis on the harmonic linewidths and the

position of the cutoff. In Sec. IV C, the direct radiation via vx=voSiNw7), vy,=0,

spin oscillations is evaluated and in Sec. IV D, analytical

estimations are presented to evaluate when spin effects may vg

become large. We end with conclusions. v,=c| 1— 1- gsm(WT)z , 3

Il. FREE SPIN DYNAMICS AND SPIN REACTION with vg=qEy/mw. In units ofvy/w the trajectory in the-z

In this section, we consider the role of the spin degree oplane is implicitly given by
freedom in the dynamics of a free electron in an intense laser
field. The problem may be investigated in two parts: The c
evolution of the spin as investigated in the first subsection v—oln
and the reaction of the evolving spin on the motion of the
particle itself in the subsection afterwards. Astonishingly, c
spin precession may be modeled remarkably well within the _
classical picture of representing the spin by an angular mo- Vo
mentum[21]. This is confirmed also by the fact that even the i o i )
high-precision experiments of the anomalous moment of th&/nereF(7,uo/c) is the elliptic integral of the first king23]
electron or the muon take advantage in their interpretation ofNd 7= 7 is the free argument of the parametric function.
classical equationg@2]. As a consequence a large fraction of Yhile the particle is moving according to E(), its spin
our considerations will be classical even though in each casghanges. Starting point of a classical description of spin dy-
at least an approximate quantum analysis will follow to es-Namics is the equation of Larmor precessigd] of the mag-

1+U0/C
V1—(vd/c?)sin(7)2+ (vo/c)cog 7)

Vo
F 77!? /ARE WER! (4)

sentially confirm the classical results. netic momenm= «s, k=q/mc of a particle with spirs,
ds v 72
A. Spin dynamics — =xsX|B— —XE F=—. (5)
dt c ' 4

Free electron dynamics in intense laser physics is essen-
tially classical 8], so that the first two parts of the subsection Making the ansatz=(scos6,0ssin6), s=#/2, we then
will treat subsequently the nonrelativistic and the relativisticderive the equation §/dr= kE, cos7) for  and thus the
situations of a laser-driven electron with magnetic momentchange of the angla 6 with
The corresponding quantum treatment of the spin associated
to the particle will be shown to lead to spin oscillation dy- Vo .
namics being identical to the classical predictions in the non- Ab(7)=0(7) = bp=—_siN(w7), (6)
relativistic case in the third part of the subsection.

— , , where 6, denotes the initial orientation of the spin.
1. Nonrelativistic classical dynamics

The nonrelativistic equation of motion of a classical par- 2. Relativistic classical dynamics
ticle with chargeg, massm, and velocityv = (vy,vy,v,) ina
linearly polarized plane laser field with polarization
magnetic-fieldy, and laser propagation axisreads

The fully relativistic classical motion for the same situa-
tion as in the previous subsection suffices the equation

dv_
ma—q

v
E+—-XB
C

de _ wE 7
y a_qv ’ ()

v
, (1) ma=q E+E><B

. . _ ith the three-velocityu= yv, the energy€=ymc? and y
with laser electric-field E=(Eycoswt—k2),0,0), laser wi - ! .
magnetic-field B=(0,E, cos@t—(kg) 0) @angtﬁar f)requency :(1_.02/ c?) 2 S'ubtractllng the equauon_fmrz from the
». k=w/c. andc is t’he velocity of’ Iié]ht We introduce the €duation for€ and integration ovet we obtain, in our situ-

eigen-time-parameter:=t— z/c and transform Eq(1), iiotn_’ ;?S ?quL:::/ ; Iﬁl?; ev\?;‘ tsrﬁvzr%;??r)tlm@wth t-ze.le.

do, 2
m——=qEycogwr),

. log |
dr UT)=vosin(@7), Uy(1)=0, U (7)=35 sifwn)?,
dvy 0 ,
m——=0, lv
dr Wn)=1+5 Ssinwn? ®
dv, 1dXE )
Mar ~dg gy o coden). @ Thus, in unitsv,/w the trajectory in thex-z plane is
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3

Polarization direction [d]

Propagation direction [d]

FIG. 1. Afraction of a classical nonrelativiticdlashedland rela-
tivistic (solid) trajectory in units ofd=v,/w according to Eqs(4)
and (9), respectively, withvy/c=0.5. For the same value of the

relativistically moving particle has covered a smaller distance in th
z direction than the nonrelativistic one. Quantum features, as iqi
particular the spin, will further alter the motion of the particle.

Quantifying and understanding those represent the major task of

this paper.

1 1
(1—cos<n>,z% 77—55"’(277)”, ek, (@
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da_'KEO db_ 'KEO b 13
E—chos{wr)a, E——ITCOSwr) (13

with the solutions

luog .
a(r)=apex |§?sm(w7-) ,
Loy |
b(T) = boex;{ —1 E ?Sln(wT) (14)

for any variablea, and b, with normalization|ag|?+|bg|?
=1. When we set the velocity operatarg andv, equal to
zero, we mean that the corresponding expectation values are

ehegligible for the parameter regime of interest. The expecta-

on value of the spin operatori(2) o with respect to the
pecial initial state

Wo=expi(6o/2— w4 1/2]+),
+exf —i(0o/2— w4 ]1/N2]-),

is (BI2)(W o| o] W o) = (7/2) (cOSH,,0,5iN6p)

(15

as sketched in Fig. 1 for typical parameters. The relativistic=(scos#,,0,s sin §;), where we have used the following gen-
equation describing the spin precession is the generalizatiogral relations for\If=a|+>y+ o] —y:

of Eq. (5), Thomas’s equatiof24]

El, (10)

Making again the ansatz=(sco0s6,0,ssinf) we getdd/dr
=k[1—u,/c(1+ y)]Eycosr) with the solution

1 Uo .
- —SiN(w7)

5 o . (1D

AO(T)=0(7)— =2 arcta+

In the case of small velocities,y/c<1, Eq.(11) becomes
Eq. (6).

3. Quantum dynamics

The nonrelativistic Hamilton operator of the Schimger

equation which describes the time evolution of the spin of a

particle moving classically according to E@) reads

kh v
H=——(B——><E o

2 c

kh v,

=—7Eocoiwr)(l—?>ay, (12

(¥]oy|w)=2Im(@’b),
(¥]oy|W)=|al>~|b?,

(V]o,|]¥)=2Rda’b). (16)

The motivation of the particular choice of the stdtg was

to match the corresponding classical initial state in Sec.
IIA1l. Consequently, we are able to compare the results via
classical and quantum treatments sensibly. Its time evolution
W (7) is determined by Eq14). The expectation value of the
spin operator with respect i (7) is therefore

g(‘lf(r)|a'|\lf( 7)y=(scosf(7),0ssind(7)), (17

which coincides with the classical result. Second- and
higher-order relativistic effects involve the reaction of the
spin on the electron dynamics and will be the subject of the
following subsection.

B. Spin-induced dynamics

We now turn to the spin reaction of free electrons in in-
tense laser fields on their own dynamics. The calculation to

where o= (o ,0y,0,) is the vector of the Pauli matrices. be shown in detail in the Appendix indicates that those mo-
We denote the eigenvectors af with |+>y and | —)y- We tions are small with present-day laser parameters but not nec-
have described the spin degree within the conventional quaressarily on the scale of the corresponding dynamics without
tum treatment, however we will evaluate the particle dynam+the spin. Without the presence of the spin there is no force on
ics itself, and with thisr in above equation, classically. The the electron in the direction of the magnetic field direction of

ansatz¥ =a|+),+b|—),, |a]?*+|b|?=1, andc<v, lead to
the equations

the linearly polarized laser field. However, with spin we find
a laser and spin-induced velocity( 7)
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A v v Q Q
\ B__EXE_EXVT__?UXQI (20

B only has ay componentB,=(Q/cr®)(xz—zx). The an-
satz s=(scosf,0ssin6), wheres=1%/2, together with Eq.
(19 leads to

>

4 > kQ [tXz—2zx
o=—| —

ds. 21
¢ )y o (21

From classical mechanics we know that the angular momen-
tum L,=m(xz—2zx) is a constant of motion. Using the pa-

/ rameter auxiliaryé we can express the distancdrom the

origin and the time as follows[25]:

. . . r=a(ecoshé—1),
FIG. 2. Schematic scheme for the scattering process of a spin-

ning electron at a positive ion along a hyperbolic trajectory. The ion 3
with effective chargeQ is situated in the focus of the hyperbola t= /ma (esinhé—¢), a=-qQ
a L

. o . (22)
with semiaxisa and eccentricitye.

We settg=0, r(ty)="rmin=2Zo, transform Eq(21) and get

A6 _ kQ \/ma3/aLy

where E.=m?c®/(q#) is the critical-field strength. Thus, mca
electric-field strengths much higher than available today are 3
necessary to reach spin-induced velocities comparable to that KQyma‘al,

hE cE
FCos7)=—z="cod7y), (18

q
1% = -
y(7) P ;
f (ecoshs—1) ?ds
0

2 arctafi(e+ 1)tanH £/2)/ e’ — 1]

of light. Obviously though those velocities are still large as mca’ (e?—1)3%2
compared to zero which would be the velocity of an initially
resting spinless classical electron in the magnetic-field direc- esinh(¢)
. ; . : : + . (23
tion of a linearly polarized laser field. Finally, EG.8) shows (e?—1)(ecoshé—1)
that quantum electrodynamics may alter spin-induced veloci-
ties. If ¢ and thusr approaches infinity this expression simplifies
to
lll. THE SPIN IN ELECTRON-ION SCATTERING
A9 kQyma’al,|2arctafi(e+1)/\e’—1]

Before the bound dynamics of a spinning electron we 2 mea (2—1)3?
consider the scattering process in this section. Spin-induced
forces for Mott scattering with high-laser intensities have 1
already been evaluated within elaborate Dirac treatments = : (24)
[15] and discussed recently via comparing a Dirac and Klein- e-1
Gordon approachi16]. We therefore only restrict ourselves . :
to estimate the dynamics of the spin degree of freedorJ}zOr the energy of the particlé the relation
within an approximate treatment and put forward a quite m? a a
simple and intuitive result. E=—— — _=__ (25)

In order to obtain an idea of how the spin of a particle 2 r2a
with chargeq<0 changes when flying by an ion witQ
>0 we investigate the situation of a particle passing the io
on an hyperbolic trajectory introducing the parameter
a,e,zq (see Fig. 2 As in the previous section, the starting

Jrolds[25]. We assume, to be the velocity when the par-
dicle passes the axis [x=0, z=z,=a(e—1)], so that
L,/m=zq,. We express all quantities in E(R4) by e and

point is the equation 2o
ds 52 A6 kQ (e—1)\Je’—1
azxsxs, 52=Z. (19 2 ¢z
[e?—
The magnetic-field in the rest frame of the particle in the 2 arcta(e+ 1)/ve'~ 1] (26)
nonrelativistic case is (e?—1)%2 e’—1
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If eapproaches infinity, the hyperbola becomes a straight linparameters of interest here. The main advantage of using this
and the spin makes the finite jump approximated form of the Dirac Hamiltonian in comparison
to the full one is the possible isolation of the influence of
_2xkQ each physical mechanism arising. In addition we are not lim-
Ab= . 2n . . :
(o ited numerically to use high-frequency lasers as necessary so
) o ) far with the full Dirac equatiorj14,16,11.
This shows that the Change of the Spln IS prOpOI‘tlonal to the The Ham”ton OperatoHl up to Order in 1¢ for a bound

charge of the ionQ and depends critically on the closest glectron in a electromagnetic field writes
distancez, of the electron to the ion. A scaling in terms of

the tiny classical electron radiug,=e*mc® leads toA 6 Hi=Hg+Hp,
=(2qQ/e?)(rq/2,) and indicates in addition that a substan-
tial turn of the spin occurs only for electrons virtually touch- 1 e \2
ing the ion. Hozﬁ( p— EA +V(X,2),
IV. SPIN AND RADIATION IN LASER-DRIVEN BOUND et
IONIC SYSTEMS Hp=— 5 0B (28)

In this section, we consider the role of the spin in bound-
electron dynamics. In the so-called multiphoton regimeHere,p=(p,,0,p,) is the two-dimensional momentum opera-
where the force of the ionic core on the electron is mostlytor andA(t,z) is the vector potential of the laser field which
considerably larger than that of the laser field on the electrors linearly polarized along the& axis and propagates in
spin effects due to spin-orbit coupling have recently beertirection. We consider the ion in the single active electron
studied in detai[19]. When the laser field is the dominating approximatior{27]. It is well described by a soft-core poten-
force, the motion is essentially such that the electron dynamial [28] to model the Coulomb field experienced by the ac-
ics is mostly free in the laser field as discussed Sec. Il. Oufive electron with charge, i.e.,
interest in this section is directed to the remaining tunneling
regime where both forces, i.e., from ion and laser field, may
become comparable and where parts of the bound-electron V(X,2)=— ——.
wave packet may leave the ion via tunneling. To be concrete, Vs+x4+ 722
we investigate the dynamics of a multiply charged hydro-
genic ion with effective chargé=4 in near-optical linearly The parametek is a function of the effective number of
polarized laser pulses with intensities of order'®l@o  positive charge€ as sensed by the electron, whersasm-
10'7 W/cn?. The weakly relativistic interaction is appropri- pensates for the effect of possible inner electrons and re-
ately described by the Hamiltonian arising from the expan-duced distances of the electronic wave packet to the ionic
sion of the Dirac equation up to orderc#/ While spin os-  core in two- rather than three-dimensional calculations. The
cillations occur already in first order inclas predicted by parametersk ands may be adapted such that we obtain the
the Pauli equation, correction terms of ordec?lare neces- Correct ionization energy for the system of interfis].
sary to describe the influence of the spin on dynamics and Thus, we have to solve the following equation, written in
radiation of the electron. Parts of the electronic wave-packe®tomic units:
tunnel through the potential barrier of the ionic core and

(29

when recombining are shown to give rise to kilo-electron- AR 21049 Wi (x1) 30
. . . . . I— = .
volt harmonics in the radiation field. LW (xt) 1 T (x,t)
A. Bound spin dynamics and radiation The wave function has two components corresponding to

We now turn to the investigation of the dynamics of aSPin-up and spin-down polarization of the electron. The spa-
charged ion with charge stafe=4 subjected to the field of a cial dependence of the vector potential indicates that the
KrF laser (248 nm, 0.183 a.l.with intensities 18° to ~ Magnetic component of the laser fidd= VX A(t,z) #0 is
10t W/cm?. We consider the Dirac equation up to first andincluded and we do not carry out the dipole approximation.
second order in &/ Up to first-order this leads to the Pauli e chooseA,(t,z) such thatE=(E,,0,0) andB=(0,B,,0)
equation. One may derive first-order relativistic correctionhave the following form:
terms to the Pauli equation, which corresponds to second-
order terms in 10, continuing the method which was used to  Ex(t,.2)=By(t,2)
obtain the Pauli equatiof26]. As opposed to most nonrela- 0
tivistic treatments we need to include at least two dimensions '
in the calculations as the magnetic-field component of the dE t—zlc
laser pulse may induce a significant drift in the laser propa- - 0
gation direction. There is a spin-induced acceleration in the
magnetic-field direction, i.e., in the remaining third dimen-
sion, but its influence is small for the observables and the (31

t—z/c<0,

cogwt—kz), Ost—z/cst,,,
on

Eocogwt—k2), ton=t—2z/c=ty;.
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Eo and w are the maximal amplitude of both fields and the
angular frequency of the laser, respectively. Furthgy,is
associated with the linear rising time of the laser pulse. After
the turn-on phase the pulse is assumed to have a consta
amplitude until timet 4. Obviously a realistic pulse will turn S s
off afterwards smoothly, however for all observables of in- €77
terest here this phase is of no interest and numerical calcug
lations terminate att .

ctru

Since the laser field is linearly polarized, the interaction g_""w
term involves a term of the form- A(t,z)/c=p,A(t,z)/c, °
o

A

which means that there is no coupling between momentumg
and coordinate space. Thus, we can apply the conventionai 10
split-operator algorithnj29,3Q to solve the two-dimensional
time-dependent matrix E¢30) via

-2

-1

W, (x,t+dt) -9 -8 -7 -6 -5 -4 -3 0

=exp( —idtp?/4)

|

W (x,t+dt)
Xexg —idtA,(t,z)p,/clexp —idtHp)
x exp{ —idt[A,(t,2)%/2c2+ V(X,2)]}

W, (x,t)
¥ (x,t)

(32

><exp(—idtp2/4)[

Energy (Atomic Units)

FIG. 3. The energy-level structure of a model multiply charged
ion with charge statg=4. The potential is described by a soft-core
model, i.e.,V=—k//s+x?+Z% with k=10.7 ands=1 and the
ground state energy is8 a.u.

present an exact quantitative model of the ionic level struc-
ture of an ionic system. We model single-electron ions with a

Here, dt denotes the time step. All exponential operatorsson core rather than a Coulomb potential and can adapt the

except expfidtHp) are diagonal. Fourier transforming be- ground-state energy by choosukgand S In the intensity
tween the coordinate representation and momentum repré@ng.e vyhere level structures are |mp<_)rtant we can only make
eguahtatwe statements for the dynamics. In the tunneling re-

function. Consequently all derivatives can be transformed' M€ however where only the correct ground state is signifi-

into multiplications with constants. The operator echarXﬁwetﬁarl be quaf;ttl:watl;/e astxvell. e develons from th
(—idtHp) =exd —idtoyBy(t,2)/2c] only contains the matrix er e U on ot the faser the sys'em develops o the

.- round state ¥, =ground state, ¥ ,=0) and we use the
oy and can be calculated explicitly gplit—operatorglbofoi]thm to solve E(éO). I)n Fig. 5 we have
displayed the expection value #f, as a function of time for
an electron polarized initially in spin-up orientation. Note the
expected oscillation with twice the laser frequency and simi-
lar to the relativistic multiphoton regime [19] the complete
return of the expectation value to the original orientation.
The latter feature will change once spin-orbit coupling is
included in the next subsection.

We apply it on the wave function in the coordinate represen- \yjith the knowledge of the time-dependent wave function

tation. Special care is needed regarding the interaction terfge are in the position to calculate the expectation value of
A(t,2)py. Here we do the Fourier transformation only for 3y observable:

the x coordinate because of ttrecoordinate dependence of
the vector potential,(t,z). Because of the splitting of the
the total Hamiltonian in the exponent we introduce an error
following the Baker-Hausdorff formula because the split
terms do not commute generally. The error of this algorithm
is of order O(dt®) between each time stef81]. Thus, a
small time step ensures to get accurate results. We have not

experienced any problems with numerical convergence in th%, . q leul he radiati .
regime of interest here. ince we intend to calculate the radiation spectrum we are in

From the numerical point of view we start with comput- particular interes.'.ced in the acceleration in the polarization
ing the eigenstates of the bound electron in the ionic cordlirectiona,(t)=(x) and in the propagation directica,(t)
potential by using the spectral methfgP]. Figure 3 shows =(z).
the energy-level structure of the model hydrogenlike ion with  The radiation spectrum is generally given by a rather
Z=4. Choosingk=10.7 ands=1 we obtain the correspond- complex function of the accelerations and velocities in all
ing ground-state energy-8 a.u. along with the various spatial direction$24]. For simplicity we here restrict ourself
eigenfunction(see Fig. 4. Note that it is not our purpose to to the observation direction perpendicular to the plane of

exp( —idtoyBy(t,2)/2c)
cog dtBy(t,z)/2c] —sindtB,(t,z)/2c]
sifdtB(t,z)/2c]  coddtBy(t,z)/2c] |
(33

<O(t)>=f dxf dZ¥7(x,z1),¥7(x,2,1)]0(x,z,1)

¥, (x,2,t)

v (x.z.t) 34
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z[a.u] -0 10 z[a. u] -0 10

x[a. u]

035

0.8

025

-0 10

z[a. u] x[a.u]

FIG. 4. The probability distribution of the electronic wave packets according to the potdhtial k/+s+x2+2z2 with parameters
indicated in Fig. 3: ground statgop), first (middle) and second excited statleottom).

motion, i.e., to they direction. The dominating part of the . IV (X,z) .
radiation spectrum in the weakly relativistic regime is polar- (x)= _<&—x> (2)
ized in the polarization direction of the laser field. In the

far-field spectrum this is proportional to the squared Fourier

transform of the acceleratioa,(t). Furthermore, we study The acceleration due to the laser field can be neglected since
the less intense spectrum which is polarized in the laseit contributes mainly to the low harmonics, which are of little

_<&V(x,z)

P > . (35

propagation direction and governed ay(t). interest.

In connection with the Pauli equatid@8] it is sufficient We are now in the position to investigate the influence of
for a,(t) anda,(t) to consider the negative gradient of the the spin on HHG, see Fig. 6. During tunneling, essentially
potential free motion in the laser field and recollision with the core,
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wherej e {x,z}. Spectra via the Pauli equation in the tunnel-
ing regime have been studied|[ib8]; the above expressions
are employed later for a comparison with the corresponding
relativistic results. In the following sections, we will also be
able to evaluate the role of the spin on tunneling-recollision
harmonics.

B. Spin-induced motion in bound-electron dynamics
and radiation

In order to take spin reactions on the dynamics of the
electron into account we have to include terms of ordef 1/
in the expansion of the Dirac Hamiltoni§@6]. These terms
are the leading relativistic mass shift term, the term describ-
ing the zitterbewegungand the term of the spin-orbit cou-
pling. Our working HamiltoniarH, therefore reads

H2:H0+ Hp+ Hkin+ HD+ HSO!

FIG. 5. The dynamics of the spin degree of freedom viewed via
the population of the wave function with spin-down polarization.
The initial electron is spin-up polarized. The laser parameters em-
ployed arel =5.932x 10'® W/cn?, =248 nm with a turn-on
phase of five cycles and duration of the phase with constant ampli-
tude of five cycles.

the spin degree of freedom will change and may alter the
dynamics and radiation of the particle more or less signifi-
cantly. Since the spin of the wave function has two compo-
nents¥, and ¥, both Fourier transforms of the corre-
sponding two dipole accelerations!®*(t) and a{*?(t)
contribute to the total spectrum. This means that we have to
calculate the Fourier transform of the following four accel-
erations:

1 e \?
Ho=5m | P~ A +V(x,2),

eh
sz—m:o'-B,
1 e \4
Hkln 3C2 p_E ’
H eh’ V-E'
" gm2c? '

. JV(X,
aJT(t)z—f;—)J.(Z)|\Iq(x,z,t)|2dxdz

. IV (X,z)
aﬂ(t)z—f%Nfl(x,z,tﬂzdxdz (36)

effective potential

......

o ‘

E’X(p— SA”. (37)

y e
so— T T 5, L0
4m?3c?

E' stands for the sum of the electric field of the laser and the
electric field of the core. The corresponding wave equation
reads

d

9 [W(xt)
"t

v (x,1)

W (x,1)
2 W (x,t)

. (39

In order to solve Eq(38) we have developed a variant of the
split-operator algorithm. The temporal evolution of the wave
function is given by

W (x,t+dt)

_ _ 211 A4 2
W (x,t+d) exfd —idt(p/4— p,/16c)]

polarization direction

@1 direction

FIG. 6. Schematic diagram describing the dynamics of the tun-
neled fraction of the electron wave packet with@lashed lingand
with spin degree of freedorfsolid line) in an intense laser field.
Shown as well is the tilted effective Coulomb potential of the ion
and the laser field at maximal strength and inside is the ground-state
wave packet with energy- |, .

043410-8

X exd —idt(A(t,2)py/c—Ay(t,2)p2r2c®
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charge stateZ=4 the spin reaction on radiation is rather
. small in the tunneling regime. However, it is clearly notable
already for such a moderately charged ion, especially for
higher-laser intensities as shown in FigbB A further sig-
o nificant effect of spin reaction is illustrated in Fig. 9, where
In Eq. (39 we have neglected all terms which include ahe temporal evolution of¥ |2 is viewed. Spin-orbit cou-
factorpZ/c? since the influence gf, on the wave function is  pjing causes an effective polarization of the spin, while with-
one order in 1¢ smaller than the influence @f,. All expo- oyt spin-orbit coupling the electron periodically returns to

nential operators except expidtHso) and exp(-iditHg) are  the initial polarization in complete spin-up configuration
diagonal and we handle them as above. Also ex@Hr) is  (compare with Fig. b

handled as above. For the operator exifHso), which in-

W, (x,t)
¥ (x,t)

x exd —idt(p?/4—pi/16c?)]

cludesp, andp,, we carry out the Taylor expansion C. Pure spin radiation
_ . 1., Due to the linear polarization of the applied laser pulse at
exp(—idtHso) =I—iHsadt— 5 Hsdt no more than weakly relativistic laser parameters, the emit-
ted HHG radiation is also essentially linearly polarized in the
+iH3dt3+0(dt?) (400  direction of the electric field. Therefore, radiation with a sub-

stantial fraction of circular polarization may serve as an in-

and apply it on the wave function in the coordinate represendicator for spin signatures in the HHG process. The main
tation. contribution to this radiation comes from the electron radia-
Under the assumption of including relativistic correctionstion due to spin oscillations. The calculation of the magnetic

up to second order in &/it is not sufficient to consider the momentu of the electron responsible for the radiation yields
negative gradient of the potential only as in the previous

case. From the classically relativistic equation of motion we _eh . 3

rather find in the weakly relativistic limitsee alsd19]) b= 2mec P (xHev(x,Hdx, (42)
. 3 9%\ 9V(x,2) where we have to use the electron wave functions
X=—|1+ 2_(:2 ﬁ “ax ¥ =(¥,,¥)) via the solution of the second-order EG8)

including spin-orbit interaction, because it involves spin dy-
namics via the magnetic field of the ionic core sensed by the
IV(x,2) (41) electron in its rest frame. The interaction with the ionic core
dz is crucial for HHG in the tunneling regime via the tunneling-
recollision mechanism. We are interested in this subsection
Figure 7 shows the contributions df ; and ¥ to the in the oscillation of the magnetic moment in E¢2) and in
spectrum, which are calculated using E@8) and(41). The  particular in the radiation arising from it with differential
high-frequency harmonics associated with the wave packentensity dl,,, per angular frequencdw and spatial angle
in spin-down orientation have a substantial coherence wittal()
respect to those without spin flip. In Fig.(@ the harmonic
spectrum emitted in the polarization direction is shown in the
region of the cutoff. It compares the spectrum in two situa-
tions: turn-on phase 10 cyclaslashed ling and turn-on
phase 15 cyclegsolid ling). In the second case the even with u, being the Fourier transform qf in Eq. (42). In Fig.
harmonics are suppressed and the small odd ones can thef&d, we have depicted the spin dynamics of a bound electron
fore be better distinguished. This effect can be enforced byn the tunneling regime and the associated radiation. Oscil-
prolonging the turn-on phase. We note that a spinless nonrelations of the magnetic moments are clearly visible of both
ativistic calculation essentially delivers the same spectrum asonsidered components while nonlinear elements, however,
the one shown without spin flip for those weakly relativistic are too small to be visible due to the moderately intense laser
parameters. This comparison could equally be done by confield employed. Since this radiation arises purely from spin
paring the results via the Dirac and Klein-Gordon equationpscillations it is a characteristic signature of the spin degree
however with the identical small discrepancies in the weaklyof freedom.
relativistic parameter regime as with our approach. Further- This radiation is rather weak in intensity, so that it may
more, we stress that the spectral features via the spin-dowmot be wise to detect it experimentally in the direction of the
component are rather weak. This can be improved by intaser magnetic field as in Fig. 10 and in the previous subsec-
creasing both the ion charges and the laser intensities into thi®ns. The main part of the radiation via electron acceleration
relativistic regime. In this situation, however, the improve-is polarized in the laser polarization direction and the frac-
ments of the coherence become less attractive. tion in the laser propagation direction is no more than one
In Fig. 8 the modulus of the difference of the spectrumorder of magnitude smaller for the weakly relativistic param-
which is polarized in thex direction and calculated via the eter regime employed in this article. The polarization of the
Pauli Eqg.(30) with the analogous one which is calculated via spin radiation differs from that via the electron radiation in
Eqg. (39) is depicted. The figure shows that for an ion with the laser magnetic-field direction but due to the large differ-

. . 3 9
7=— —
2c? 9x?

(1)4
—— (poXn)?*dQdo, (43)

dl,,=
" Am2c
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ence in intensities it is still likely to be challenging to isolate
the pure spin radiation. The situation changes clearly when
we observe in the direction of polarization of the laser field
Then there will be none of the intense light polarized in the
x direction and we may avoid radiation polarizedzidirec-

tion entering the detector with a polarizer. There is no direct
acceleration of the electron along tlyeaxis via the laser
pulse while the spin radiation in the direction is purely
polarized in they direction. Thus, radiation polarized along
this direction should be spin induced to a large extent.

D. Analytical estimations of spin-induced effects

In this subsection we aim to give rough estimations com-
paring spin induced effects with the other leading dynamical
features. While spin effects become comparable to the other
features in general only for rather high-laser intensities, we
emphasize that this may be quite different for particular ob-
servables which tend to be very small already without the
inclusion of the spin(such as dynamics and radiation polar-
ized in the laser magnetic-field directijoiThus, the aim here
is not to state when a spin correction becomes significant, but
when it is even comparable in size to associated effects.

1. Direct spin radiation

We begin by estimating the order of magnitude of inten-
sity of the radiation due to spin oscillations in E@.3) in
relation to the dipole radiation without any differentiation on
polarizations and directions of observation. The second-order

derivative in time of the magnetic moment ig=
—1/4%[H,[H,u]], where H is the corresponding Hamil-
tonian, which may be reduced to

3

[(oF)F—F20], (44)

=
8m3c?

whereF=B+E' X (p—eA/c)/2mc. With the aid of Eq.(44)

we can estimate the absolute value |gi| to be |u”|
~(e%4/m3c®)B? in the case without spin-orbit interaction,
i.e., based on the Pauli equation wih=H,. Here,B is the
amplitude of the applied magnetic field of the laser pulse
where we have neglected the sinusoidal spatial and temporal
dependance for our order of magnitude estimation. Including
the leading terms of spin-orbit coupling via the nucleus

260 270
Harmonic Order

250 280

within the second-order differential dynamical E¢38) and
Eq. (37), i.e., H=H,, we obtain instead;u’ ~ (3%/m3c?)
X(B/mcr)|d®/dr||Lo] = (e’hw/m?c?) {(v/c)|dd/dr],

where ® is the Coulomb potential. Introducingl

FIG. 7. The figure shows the contributions'®f (upper curves
and¥, (lower curve$ to the spectrum, which are calculated using

Eds. (38)_ano_| (42) Wit.h a POlarizaﬂon in thex direction (@) and 8 _ oy c and comparing with the second derivative of the
polarization in thez direction (b). The laser parameters employed

arel =5.932x 10 W/cn? and\ =248 nm. The turn-on phase is 9IP0I€ momen{d| = (e*/m)|d®/dr| gives
ten cycles with a duration of the phase with constant amplitude of
ten cycles.(c) Segment of thex-polarized spectrum irfa) in the
cutoff regime via the spin-down component with respect to two
situations: a turn-on phase of 10 cyclésshed lingas in(a) and a
turn-on phase of 15 cyclegsolid ling).

e

| | ho ho
—~{— and - 2— 45
|d| mc? d| ¢ mc? 43
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FIG. 8. (a) The modulus of the difference of the spectrum, which is polarized ix theection and calculated via the Pauli equatid),
with the analogous one, which is calculated via B§), is depicted. The laser parameters bre5.932< 10" W/cn?, A=248 nm with
a turn-on phase of five cycles and a duration of the phase with constant amplitude of five (yc=gment of the spectrum near the cutoff
regime of thex-polarized harmonic spectra via the Pauli equat®0) (dashed lingand via Eq(38), i.e., including spin-orbit couplin¢solid
line). The laser parameters are= 2.36x 10'” W/cn?, A=248 nm with a turn-on phase of one cycle, and a duration of the phase with
constant amplitude of two cycles.

We thus note that the relative direct radiation via spinidea of necessary laser intensities when these effects become
dynamics is quite small in total and likely to be difficult to large. We may say that spin effects disturb the dynamics of
detect via current laser intensities. The promising waythe electron substantially when additional spin terms in the
around this would be at present the detectiory gblarized  HamiltonianAHg are of the order of the characteristic energy

light as described in the previous subsection. of the process itself. In the considered case of HHG via
tunneling ionization the characteristic energy |is,— €|
2. Spin-induced radiation ~¢€p, Where ep=—2\/ZegE is the maximal value of the

As noted in Sec. IVB, the spin dynamics modifies thetotal potential surface of the ion and the laser field and
electron dynamics and with this also the probability of the

electron recombination during the HHG process, i.e., the in-  10” Py P — 0.98 .
tensity of the HHG. The following estimations shall give an 2 Y [ b) |
0.05
i AVAVAVAVAS KRS i
10°° g 1 oes|
I I 105 i _0‘15 E 1 1 ] L 3 1 1 1 ] 1
10 L . s 7 s 910 "5 s 7 85 910
b Muttiples of Laser Cycle Muttiples of Laser Cycle
10°7° § —~ P
y TN b)
> .- v AN
E 10°% L | o 10° .\\
8 10%% | ) S
E T a)
Q 10 L 1 [ S
§ 10_5 S -1
-s40 | 0Lt e,
z 10 - .
=3 -5.52
S 10 - .
10-5.70 L i 10-10 ! f 1
0 5 10 15 20
10°% | . Harmonic Order
0.00 0 1 é FIG. 10. The inset$a) and (b) show the expectation values of
Interaction Time (Units of Laser Cycles) oy and o, as a function of time in laser cycles, respectively. Here,

p=(efi/2mc){ o) with u given in Eq.(42). In the main part of the
FIG. 9. The spin-down population of the wave function as afigure, the dotted curv&({a,)) is the Fourier transform ofo,)
function of time. The spin-orbit coupling causes an effective polar-and is thus associated with insé), whereas the solid curve
ization of the spin, while without spin-orbit coupling the electron F({c,)) with associatior(b) is the Fourier transform ofc,). The
returns periodically to the initial polarization in complete spin-up laser parameters involve an intensity:5.9320< 10'® W/cn?, a
configuration(see, e.g., Fig.)5 The parameters are the same as inwavelengthh =248 nm, and a pulse shape with five cycles turn-on
Fig. 8(a). phase and five cycles maximal amplitude.
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— € is the ionization energyAH, involves the characteristic cillations and a small shift of the cutoff and an effective spin
energies ¢4/2mc) o B and (:/4m?c?r)(d®/dr)L- o which  polarization due to second-order relativistic effects with spin.
are of order(hw and {?hw, respectively(L and o are the ~ As compared to the relativistic multiphoton regiffied], the
angular momentum and spin vectors estimating the spin- size of the effects is generally smaller in the tunneling re-
orbit term we have assumed that the characteristic distance ggme for comparable laser parameters and thus smaller ion
JZ€/eE which equals the distance from the nucleus to thecharges. Analytical estimations of the order of magnitude of
point in space at which the total potential of the laser fieldspin effects showed that they become generally large only at
and the ion is peaked. As a consequence, the condition faather high-laser intensities.

spin effects to play a large role SH~{*hiw~|¢,|, i.e.,
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We finally estimate the role of spin induced dynamics via
laser electron interaction, as considered in Sec. II B, for the
situation of bound electrons in intense laser fields. From Eq.
(A7) we note that the kind of spin reaction discussed in Sec.
Il results in an electron oscillation along the magnetic-field We now turn to calculation of spin reaction and develop a
direction with order of magnitudéy~E;M/mcw with M classical theory in four-notation which is equivalent to that
=eh/2mc. We may say this oscillation is large on the scaleprovided in[10], whereas however an implicit analytical so-
of an atomic system wheAy~ag, whereag is the Bohr lution of the equation of motion is possible and thus can be
radius. In this case the electron drift shall affect the electrortompared with earlier quantum-mechanical resfdfs. To
recombination probability in the situation of tunneling re- this end we introduce the four-vectbt which is dual to the
combination dynamics of interest here substantially. Thigensoru describing the spifl0], i.e.,
condition leads to the following criteron:

(~(ZamPltw)'? (46)

APPENDIX: SPIN-INDUCED DYNAMICS OF FREE
ELECTRONS IN LASER FIELDS

1 1
(~1laZ. (47) Hap=g €apyst™M° M=o e Ugp 5. (A1)

Thus, for highly charged ions, the effect of spin reaction . - .
studied for free electrons in Sec. Il B shall be rather large forThe quantities and . are explicitely determined by each

bound electrons. other. From the equation fqr [21],

1.
V. CONCLUSION ;:U“aﬁ::“ayF%_MByFZ, (A2)

The role of the spin degree of freedom of a free-electron,
a scattered-electron and a single-electron ion in an intensae derive an equation fav ¢ by means of Eq(Al) using
low-frequency laser pulse has been investiagted with respe@ie here approximate relation for spinless particie
to dynamics and radiation. The free electron as expected is (F«8y 8
generally well described without the spin. However, for the
particular motion in the laser magnetic-field direction, which M@= kF*BM , . (A3)
would be absent without the spin, a characteristic spin- A

induced oscillation was identified within an efficient ap- This is the Bargmann-Michel-TelegdBMT) equation[24].
proach. In the scattering scenario of a laser-dressed electrcw1e relationu®= kF “Au,, is also used in deriving the BMT

. ) = s
at a nucleus we calculated the amount of spin dynamics as a uation itself24]. Conversely, it is demanding but possible

function of the setup and the laser and ion parameters. The! .
spin may be turned substantially only for very small impactto show that equatio(i2) follows from Eq.(A3). Thus Egs.

. . . 3) and (A2) are equivalent.
parameters. Most attention was paid to the smgle-electro#‘ ; .
ion Be* in such an intense laser field where tunnel- Using Eq.(A1) the Lagrange functiofl0] reads

recollision dynamics occurs and high-order harmonic gen-

S . . . . mcé 1 q
eration is appreciable. The dynamics was described with an L= —— =5 €ap, s W"MFP+—A v, (A4)
equation of motion arising from an expansion of the Dirac y 2cy %7 c

equation to the second order in the ratio of the velocity of the ) ) ]
electron and the speed of light, i.e., including the coupling ofin the case of a linearly polarized plane laser fi€ler (E
the spin to the laser magnetic field in first order and the= Eo€0skX),0,0), B=(0,E,0) the BMT equation writes
angular momentum of the electron in second order. In terms 0 L

of spin signatures, pure spin radiation and narrow high- dM”__eE dMT_eE
frequency harmonics were identified due to spin-induced os- dr = meMt @y - me Mot Ma),
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dMm? dm? eE u'(7)—0 for those# for which A(%7)—0. For the vector
ar % T T meMe (AS) potentialA we assume thak(7) = (A= — Eq/k sin(z),0,0) if
Dmin=1<7max and A(zn)=(A=0,0,0) otherwise. We

M2 and9t=M°%—M? are constants of motion and for con- choosez,= — to be the initial instant. Independent of the
venience we employed the four vector prodkst wherek  special initial conditions the equation faf(7) writes
stands for (o,IZ) with wave-vectork andx stands for (,F) )

. . > . . du- E, d
with spatial vectorr in this appendix. From EqA4) we —=—M-——cog 7). (A7)
derive the equations of motion for the particle, dp mc dy

du® qE E, d M and the spinS are connected viaM =«S, «k=qg/mc
=——ut %Mz—cos{ kx) [24]. The relation between the sp#rin the rest frame of the

dr me dr particle andSis
wEo ; 1 (u \u
+ ——[UM+ (Ug+ ug)M?]sin(kx), Y T B
ma Socs, Ss+y+lcsc'
du! qE du> Eo,_ d In the rest frame we suppos8=#2/4. We chooses’(0)
dr ~mellUotus), 5= MM coskx), =s?(0)=0 ands®(0)=#/2. Thus, we get for the velocity?

and the acceleratioa? in y direction

4+ Eoped qkx) HE

—=——u;+—M?—cogkx

YWme" dr u2(77)=—q—202005{7]),
2m-c

E
+%[u2£m+(uo+u3)M2]sin(kx). (A6) HEw
o i) (A8)

a’(n)=
With regard to initial conditions we assume now that the

particle has zero velocity when the complete radiation pulsevhich is the result shown in E¢18). This means that up to

is still far away from the particlévanishing vector potential a factor 1/2 which can be associated with the Thomas pre-
at the particlg In this way we can be certain that whatever cession classical and quantum-mechanical results coincide as
velocity the particle has at later times will be solely due tofar as the additional acceleration yndirection is concerned

the interaction with the pulse. We also impose that in thg11]. We note that there are certainly also influences of the
beginning the particle is located at the origin, therefgre spin on the dynamics in the other two directions. However,
=w. Then subtracting the first equation in E¢&6) from  those deviations are likely to be more challenging to imple-
the last one, it follows thati:=u®—u® is constant. Integra- ment experimentally at least in the weakly relativistic regime
tion over the proper timer leads to n=wt—kz=Kkur  because there is already significant dynamics in those direc-
—kz(0). We canrequire now for allie{0,1,2,3 that tions without a spin degree of freedom.
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